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This report consists of preprints of two 
papere which have been submitted to  GeochiPrcXca et 
Comehimica Acta for publication 011 October 29, 1963. 

These papers are e n t i t l e d :  

(1) Varifathns of Strontfm Isotopes 2n 
Tektites, by C,C, Schnetzler and 
W,H, Pinson, Jr. 

(2) A report on Some Major Elemeat AnslEpes 
in Tektites, by C.C, Schetzler and 
W,E, Pinsom, JY. 

Also h c l u d e d  in th is  Report is a bibliography 
af the papere published during the two years of operation 
Pnnder NASA Grant No. BG-222-61. 

A Statement of Progress is included, 

A Mstrgbutioxt L i s t  €or ehfs PnteriPiP Report is %ncPuded, 
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Statement of Progress 

I 

Ihr, Charles Schnetzler has been employed 
under this  NASA Grant at M,I,T. as a Research Associate 
for the past two yeera. This fa l l  Dr. Schneteler took 
a job w i t h  the Theoretical Division of the Goddard 
Space Flight Center of NASA, having accomplished his 
major aims in tektite research a t  M,I,T, 

Several graduate etudents a t  M.IoT, b e  
been employed using funds from this Grant. 
students were employed as Reeearch Assistants. 
names and &-a of employment are: 

pfr. Dave Jacksan, 1961-1962 
Mrsr. Marla Moody Heath, 1962-1963 
M r .  John Philpotts, June 1963 to present 
Mr . Robert Shields, September, 1963-Novder, 1963 

These 
Their 

Mr, Shielcb fs preaently being supported by other funds. 

Mr. Philpotts plans to begtn work on a Ph.Do 
thesis on tektites upon eolepletfon of his General 
Examination this fa l l ,  For th ia  purpose we have obtained 
a very fine collection of moldavites, regresenthg 13 
geographical localities, 
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# VARIATION OF STRONTIUM ISOTOPES IN TEKTITES 

C. C. Schnetzlefl and W. H. Pinson, Jr. 
Department of Geology* Geophysics 

' 8 ,  

Massachusetts Inst i tute  of Technology ' .  Canibridge, Massach N.65 ' 1 0 5 2 7  * , I .  * yml 4wJ 
ABSTRACT -- The rubidium, strontium, and strontium isotopic 

compositions have been determined i n  tek t i tes  fran Indo- 

.. > 
China, Philippine Islands, Java, Austcalia, Texas, Georgia, 

. ,  
. *  . .  .c 

b * ' I ,  . '  .': ' 1  

;:.. .,.+.,.;t:. 

Massa&usetts, and Czechoslwakia. The range of sre7/sre6 i ! ; '  

r a t ios  in l 8 . t e k t i t e s  is fran 0.7l21 t o  0.7223, indicating 

the results of Pinson, e t  al. (lH), reporting no radiogenic 

. e - '  , 

::.. . ', 1 I 
., I ' . .  . . .. < *  .. :.. ,:+.;,,,:$, , . 
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*;,., , ' : * { , : J ;  

j ;  .$*. strontium i n  tekt i tes ,  were not of sufficient precision t o  
L .  . . .  I I I'. --. , 

study-the p r o b l e m  definitively. This range of sre7/sre6 
, 1 , .  '. . .  ra t ioe i e  quite smaU compared t o  the range found in nature, 

( , * a 8  ! 8 , ,.' ' , (  

- i n  general agreement with previoue studies of owgen and 

$ 1  i. ) ,  

* ,  - s i l icon  isotopes in tekt i tes .  Rb and Sr contents of tek%ite8 ; ..:,''I 
.:. !'. . '  I+  .* -, 

fran a given loca l i ty  w e  very similar, but differences 

; <. , :. , .,;I;' ,...:,. . 4 . exis t  between local i t ies .  mere is indicated, however, a 
; I  ' , , :.';'.,'p /. - : I .  

\ 

sympathetic variatian of the Sre7/Sr8' and Rb/Sr ratios;  i.e., 

. .  

'\ the tektite groups have age values of approximately 400 m.y. 
'* 

, - ,  *' If t ek t i t e s  w e r e  derived fran the Moon, and surface of the Moon :. . I  )I" *J 

is old (4.5 boy.), the obsel-ved Sre7/Sre.' ratios could not have 

been developed by 8 chondritic, granitic, o'r\ t e k t i t i c  surface 

. material, but c d d  have been generated by a basal t ia  type --....------ 
fi.1.T. Age Studies No. 39 

"Present addrees : 

\ 
/ 

Theoretical Division, National Aeronautics 
and Space Administration, Goddard Space Flight ,J 

Center, Greenbelt, Mary-d. 
- 

,-.- 
- 



I , 

I 

-2- l V U  f A \Oxl 
material. Eowever, production of tekt i tes  from a basal t ic  type 

surface material during a high temperature fusion implies extreme 

fractionation i n  a direction contrary t o  expectation. A second 

possibi l i ty  is that tbe Moon has undergone differentiation within 

' the last 9 0  m.y. w 
~ O I W C T I C I N  -- Several elements whose isotopic compositians vary 

for  reasons other than radioactivity, i.e., due t o  physical- 

chemical fractimation, have been isotopically analyzed in tektites. 

These include hydrogen (Friedman, 1%8), oxygen (Silverman, 1951; 

Taylor and Epstein, 1962, 19631, and s i l icon ( T i l l e s ,  1961). The 

values obtained were compared t o  the isotopic composition of 
~; .'. 1. i 

. ' :: 
' ,{ :. .:*,.' 
( . , I ,  , . . . . I :  1 
*,{ , ,.:, L : . : 5  

I .( )f 

r ' r '  , *.I , , : ' . .  I . .  

!, , * ',;,;:;?; 
:,-*,t. .?, , . j . .  .;.,; < I .  

, . . ! *  

' :I 

, .  different  types of t e r r e s t r i a l  and extra- terrestr ia l  material in 

the hope of obtaining a clue t o  the origin of tektites. 
* I f ,  1 8 ; ... ' 

Although the variation of strontium isotopes in  nature is due 
.I,* - 

to radioactivity, the half l i f e  of the decay of Rb" t o  Sre7 is so 

long, approximately 4.7 IC 10 years (Glendenin, 1961), no measur- 

able change has occurred i n  the Sre7 content since the t ek t i t e s  

were formed frm their  parent material. This formation of the tekti tes 

is assumed t o  have occurred a t  the time dated by the K-&.method, 

i -e . ,  l ess  than 35 m.y. ago (Zahringer, 1963). 

10 

:.?. 

Also, as strontium 

is much heavier than hydrogen, oxygen, or sfl icon it should not be 

as subject t o  fractionation duringthe high temperature fusion 

I - .  . 

. * i f  ;: 
, I , :  
' I ,.: 

I ., :!I, 

18 16 (Taylor and Epstein (19631 found a slight increase i n  the 0 /O  
* ;: r a t i o  during a s i o n  of t ek t i t e  glass). 'Xhus, the strontium isotopic 

I' * 
\ 

\ 

2 * '  

composition of the t ek t i t e s  now should be the same as the parent . .  

material at the time of fusion. 
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The relat ive isotopic abundance of Sra7, conveniently ex- 

presses - 'the sF]EP5 r a t i o ,  in a given system IS  determined by 

the Rb/Sr r a t i o  of the system, the i n i t i a l  abmdance a t  an i n i t i a l  

. t i m e ,  and the t i m e  elapsed since this i n i t i a l  time. Thus terres-  

trial materials, having different Kb/Sr ratios, different i n i t i a l  

Sre7/Sres ratios, and different ages, have a w i d e  range of Sre7/Sree 

ratios.  

informative than the study of oxygen, hydrogen, or si l icon w h i c h  

In this respect the study of strontium isotopes may be more 

show a rather small range of variation in nature. 

In addition, of course, a knowledge of the relat ive isotopic 

abundances of strontium, and the Rb and Sr elemental contents 

enable the calculation of an age value f o r  the sample. In  the 

case of samples such as tekt i tes  whose association or past geologic 

history are in doubt, however, a number of assumptions must be 

made and such age values must be interpreted w i t h  discretion. 

Previous studies of strontium i n  tek t i tes  have been made i n  

th i s  laboratory, but have been plagued w i t h  analytical d i f f icu l t ies .  

PinSon e t  al. (1956) suggested that the re la t ive Sr i S O t O p i C  

composition of a representative sampling of tek t i tes  from all known 

l oca l i t i e s  be measured; if the Sr87/Sr86 ra t ios  are identical  in 

correspondence t o  their  Rb/Sr ratios (a l l ' ly ing  on the same isoahron.) 

, t h i s  wou ld  p rwe the i r  extraterrestr ia l  origin, as this circumstance 

occurring in t e r r e s t r i a l  rocks from different parts of the world 

wou ld  be highly improbable. 

' 
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Later Pinean e t  -- al. (1937a) reported the rubidium and strontium, 

and strontium isotopic composition of three indochinites, two 

a u s t r a ~ t e s ,  atxi two philippinites . 
from O m  t o  0.735, while the Rb/Sr ra t ios  .ranged fran 0.39 t o  

The sre7/sre6 ra t ios  varied 

1.08, but there was no apparent sympathetic variation between the 

Sre7/Sree ratios and the Rb/Sr ratios. 

assuming an i n i t i a l  r a t i o  of 0.712 (this was called "normal stron- 

t ium" 88 it wa8 the r a t i o  found in sea water), varied from 180 t o  

730 m.y., w i t h  estimated errors of *5olg, the large e r ro r  being due 

!Che 'computed age values, 

I 

. .  

. .  

'. . 

chiefly t o  the poor precision i n  the Sr87/Sre6 mass spectrometric 

determinations. 

These values were l a t e r  reported t o  be in error, and the 

- corrected values for the Sre7/Sre6 ra t ios  were given as 0.712 

(Pinsan e t  al. 1958). 

t o  suspected lack of mass discrimination i n  the mass spectrometer. 

The corrections were thaught necessary due 
- 

I 

In  view of the questionable validity of the correction that was 

'\ applied, the rather large errors i n  the precision of the measure- 

ments and i n  view of improvement i n  mass spectrometric techniques, \, 

it was thought a re-investigation of the strontium isotopic com- 

position of tek t i tes  m i g h t  prove fruitful.. 

isotopic composition is direct ly  related t o  the Rb/Sr ratio,  the 

As the strontium 

c 

. .  

elemental' rubidium and strontium contents were also investigated. 
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Techniques 

Rubidium and strontium were determined mass s p e c t r o m e t r i w  

by the stable isotope dilution method, and by X-ray fluorescence 

. ,  
' tedhniques. The strontium isotopic compositions were determined ma88 

spec t r ane t r i caU on a separate portion of %awl' ( i .e.  unspiked) 

etrontium extracted from the tekti tes.  

investigation for  the ma86 spectrmetric determinations are essentially 

the same as described by Herzog and Pinson (1955, 1956) . 

m e  techniques used in this 

The mass e 

spectrometer used was a standard 6-inch radius, 60° sector, sol id  

source, single collector Nier-type instrument. 

ion current was obtained by means of a vibrating reed electrometer. 

Amplification of the 

The Sr-, Sree, and Rbe7 spikes used in the isotope dilution 

analyses were prepared and calibrated as described by Pinson (1960, 

1962) 

The X-ray fluorescence uni t  used was a North American Phill ips 

The crystal  was LXF 

"he standards used 

instrument with a tungsten target X-ray tube. 

and the detector was  a scint i l la t ion counter. 

were t ek t i t e s  which had been analyzed for rubidium and strontium by 

isotope dilution. It was  found that tek t i tes  from a given loca l i ty  

were similar enough i n  major element composition so that unknowns 

and standards from the same area could be compared w i t h  no matrix 

effects, and a precision and accuracy comparable t o  the mass spec- 

. .  

\ 

'. . 

trometric analytical work was  achieved. 
\ 

The pmdered sample wae packed in to  a nylon sample holder, 

cavered with a 0.5 m i l  mylar sheet and pt in the X-ray beam. 

region of K d  radiation of rubidium and strontium was scanned t o  

The 

I 
' I  : .  , 
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determine the exact location of the peaks, and t o  pick the angles 

on both sides of the peaks where background could be obtained 

free of any interferring element emission. 

were: LiF crystal; pulse height analyzer: 

Operating conditions 

base = 41.5, window E 

. 5.60; number o f .  counts on peak and background = 102,4oO . 4 '  

The gonianeter was set at the proper angles and the  times 

necessary t o  accumulate the fixed number of counts were measured 

a t  the peak and background position. 

(cps) for the backgrounds were subtracted from the peak intensi t ies  

t o  give a net peak intensity. 

"he calculated counts per second 

. "he intensity values obtained for  the 

standard samples were plotted against the p p  strontium, obtained by 

isotope dilution analyses, t o  yield a calibration curve. Strontium 

values for  the unknowns were obtained by interpolation from this 

calibration curve. The rubidium values i n  the standards were too 
. 

similar ( the Rb varied only from 1 U  t o  I29 p p )  t o  enable .a curve I 

t o  be drawn, so an average value of cps/pp rubidium was calculated, 

and t h i s  value was used t o  calculate the rubidium contents of the 

, 
. I  

( 

U n k n m s  . 
# .  j It was found tha t  only samples of quite similar major element 

t 

composition could be compared i n  th i s  manner. The indochinites and 

philippinites cculd be compared but samples from other l oca l i t i e s  

gave spurious resul ts  when compared with samples from these two 

loca l i t i es .  

I 

I 
1: 

/*  
$ 

addition of an internal standard. However, it w a s  found that the -0 

[i 

This matrix effect  could have been eliminated by the \ 

!. 
, a  

. 1  
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t ek t i t e s  from a given loca l i ty  were similar enough so that unknams 

and standards from the area couldbe compared. 

It was apparent from the ear l ier  investigations of Pinson and 

co-workers that the variations of Sr87 i n  tek t i tes  are  small, If 

present at al l . .  It was also apparent that complete resolution 

between the large mas6 88 peak and the smaller -86 87 peak 

(88/87 w 12) was not ob&ined -- i.e., the 88 peak "tail" was 

enhancing the 87 peak. 

05 the mass spectrometer have improved discrimination so that ra t ios  

Improved vacuum conditions and re-alignment 

of minimum ion current between the 87 and 88 peaks t o  the ion current 

at  the 87 peak of 1/600 or bet ter  are  obtained rautinely. 

portion of a typical record are sham in Figure 1 t o  demonstrate the 

resolution obtained . 

A s d >  

The precision of the strcmtium isotopic analysis runs can be 

estimated from replicate runs on several samples shown in Table 1. 

The limestead meteorite runs were made of three separate portions 

of a powdered sample, each receiving independent chemical treatment. 

The SrCo3 standard run6 were made on separate portions of a l iquid \ 

sample and did not undergo any chemical purification before analysis. 

The standard deviation of a single analysis (V) of the (Sr / 
ratio.  i n  both cases is M.0006, or approximately 0.085$. 

87 sr86 )N 

An isotopic fractionation correction was  applied t o  the Sra7/Sre6 

ra t ios  on the assumption that the Sr86/Sr88 r a t i o  is  a constant and 

equal t o  0.1194. The run-to-run variations of the Sra6/Sra8 r a t io  

from this value were attr ibuted t o  instrumental fractionation, chiefly 

fractionation of the isotopes of different mass off the filament. 

! 

. 

,! 

I . .  . 
* I ,  
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Half of any correction necessary t o  re-adjust the Sre6/Sr0' ra t io  

t o  0.1194 was applied t o  the Sr87/Sra0 ratio.  The corrected, or 

normalized, Sr07/Sr0e ra t ios  are l i s t ed  i n  the tables i n  columns 

headed (Sre7/Sre6)& while the ratios as actually measured are 

- 

listed i n  columns simply headed by SrS7/SrBe- 

The SrCO, standard (Eimer and Amend Company l o t  #92327) was 

also used t o  moniter the accuracy of the isotope r a t i o  determinations. 

Five laboratories have informally reported tha t  they find a value .of 

(Sre7/Sr06)N i n  the range of 0.708 t o  0.709 (Hurley et s., 1963). 
The average value shown for t h i s  standard i n  Table 1 indicates there 

are no systematic errors between this laboratory ssd the other 

reporting laboratories. 

Replicate analyses of a tekt i te  by isotope dilution, and by 

X-ray fluorescence, indicate the rubidium and strontium resul ts  

have a precision of approximately &2$ ( re lat ive deviation of a 

single analysis). Inter-laboratory analyses of a standard sample 

indicate the accuracy of the isotope dilution analyses is  about 

&, (Pinson, 1960, p. 244). 

rubidium values for  G-1 and W-1 obtained by the M.I.T. Geochronology 

Laboratory with the results obtained by 

By comparison of the strontium and 

other methods of analysis 

(Steve?, 1960, p. 97 99) a conservative estimate of the accuracy 

. .  

c 

! 
, .  

. .  I .  

, i '. 
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Results 

%e analytical resul ts  obtained i n  t h i s  investigation are 

i . 

presented i n  Tables 2 and 3. 

f o r  strontium isotopic composition and 27 t ek t i tes  were analyzed 

for rubidium and strontium elemental contents. 

Eighteen tek t i tes  were analyzed 

Four philippinites, from three different s i tes ,  have Sre7/Sr8" 

As r a t io s  varying only from 0.7168 t o  0.7182, and average 0.7'173. 

the reproducibility ((lt) of strontium isotope analyses appears t o  be 

approximately ~0.0006, the variation in the philippinites is only 

s l igh t ly  greater than one would expect from measurement error. 

Seven philippinites, including the four analyzed for  isotopic 

- 

c 

composition, have an average rubidium content of 117 f2 p p  (e) 
and an average strontium content of 173 & ppm. The variations are  

- 
greater than measurement error so some differences exis t  between the 

' samples in rubidium and strontium contents. However, these differences 

are small and the Rb/Sr ra t ios  a re  remarkably uniform, averaging 0.68 

f0.02 for  the seven samples. 
'z 

Four indochinites, from four  different local i t ies ,  a l s o  have 

homogeneous Sr87/Sr86 values, ranging from 0.7182 t o  0.7185 and 

averaging 0.7184. This variation is even l e s s  than one could expect 

frommeasuremenr error. The r a t i o  of indochinites seems 

' t o  be slightly higher than the ratio measured in tphiiippinitcs, b u t  not 

\ enough samples have been analyzed t o  determine i f  t h i s  difference is 

real .  There is no doubt, however, tha t  the Rb/Sr r a t i o  of the .. 
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indochinites d i f fe rs  significantly from the Rb/Sr r a t i o  of the 

philippinites.  Eight indochinites have an average Rb/Sr r a t i o  

of 0.89 0.013. The rubidium and strontium contents average 

118 f 3 p p  and 132 f 2 ppm respectively, the variation again 

only s l i gh t ly  greater than measurement variation. 

- 

It should be 

noted that the average rubidium contents of the indochinites and 

phi l ippini tes  are identiad.  within experimental error  but that the 

strontium content of the indochinites is significantly lower than 

the strontium content of the philippinites. It is thought that 

al ternat ion of the order of analysis throughaut the analysis 

period excludes any possibi l i ty  of a systematic error.  

TWO a u s t r d i t e s  have similar ra t io s  of 0.7162 and 
k 

0.7172 while a javanite has a Sre7/Sre6 r a t i o  of 0.7182. The' 
I 

Rb/Sr r a t io s  of the two austra.lites are dissimilar however--0.47 . * .  
- 

I 
and 0.71, and the Rb/Sr r a t i o  of the javanite is  0.6&, similar t o  

the philippinites.  

f o r  isotope r a t i o s  have identical  Rb/Sr ra t ios  of 0.66. m e  four 

aus t r a l i t e s  have an average Rb/Sr r a t io  of 0.62 f .O5, similar t o  

Two other austral i tes ,  which were not analyzed 
\ 

the  phi l ippini tes  but exhibiting much larger  variation. However, 

more sampling is needed of this important group of t ek t i t e s .  

The four North Ancricnn t ek t i tes  have an average Sre7/Sras 

r a t i o  of 0.7125, and the range exhibited -- from O.7 l2 l to  0.7130 -- 
\ could be at t r ibuted t o  analytical  error. The Massachusetts and \ 

Georgia t e k t i t e s  contain quite similar rubidium contents (78 and 74WJ 

I 
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- 
respectively) and strontium contents (177 and 170 ppn respectively) .' 
The three Texas samples contain slightly less rubidium and strontium 

than the Massachusetts and Georgia Samples, but the Rb/Sr ratios of 

the five are amazingly similar for samples fram such widely separated 

localities 

- 

me three moldavites analyzed gave the highest Sre7/Sres ratios 

of the tektites analyzed, averaging 0.7216. 

to 0.7223, is about what one would expect from analytical error.. 

moldavites also have the highest Rb/Sr ratios, approximately one, of 

any group analyzed. 

one moldavite (T3314) could not be analyzed for rubidium and strontium. 

However, values of 130 p p  Rb and 136 p p  Sr were reported for this 

sample by Pinson et al. (1958). 

Again the range, 0.7208 

!he 

Due to the small size of the sample available, 

An "amerikanite" from the Santa Mesa site in the Philippine 

Islands was analyzed for rubidium and strontium contents. 

are faund intexmixed Kith the true philippinites at this site and 

exhibit a sculptured tektite-like external appearance. However, they 

show an internal structure typical of ordinary obsidian, and are 

considered such by Beyer (1935). 

"Amerikanitesl' 

Certainly the rubidium and strontium 

contents of the sample analyzed are dissimilar to the philippinites 

and are more characteristic of obsidian than tektites. The major 

element contents of this sample (Schnetzler and Pinson, 1963) are 

a l s o  typical of obsidian and unlike tektites. 
\ 
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Discussion of Results 

The first conclusion tha t  can be reached from t h i s  investiga- 

t i o n  is that the work of Pinson e t  a1. (1958) was in error  and 

that t e k t i t e s  do contain radiogenic strontium-- in  the limited 

sense that their  Srs7 /Srs s  r a t i o  is greater than “primordial” 

strontium (approximately 0.700 -0 see fol lar ing discussion) or 

n o m  reagent” strontium (approximately 0.708 t o  0. ~ 1 ) .  I t  

Rarever, many of t h e i r  conclusions w e r e  valid and w i l l  not be 

discussed here. It s h a d  only be mentioned that the results of 

th i s  investigation substantiate their  conclusions that it is possi- 

ble, from the viewpoint of Sra7/Sr8’ ratios,  for  the t ek t i t e s  t o  

have been derived from basalt and achondrites, but not from any 

chondrite yet measured for strontium isotopic camposition. 

1. Conparison of the var ia t loz of Sr87/Sr86 ra t ios  i n  t ek t i t e s  
With tine variation of t e r r e s t r i a l  r a t e r i a l s .  

The variation i n  the Sra7Ia6 r a t i o  neasured i n  tek t i tes ,  from 

O.7lU t o  0.7223, is certainly real, i.e., not due t o  analytical  

error, as the spread is  approximately 16 times the reproducibility 

(6). It is of in te res t  t o  campare th i s  variation with the spread 

observed i n  nature and, particularly w i t h  the variation one m i g h t  

expect assuming various terrestrial f’usion models. 

Sra7 and Sres r a t io s  and Rb/Sr ra t ios  reported in the literature 

. fo r  various types of t e r r e s t r i a l  and ext ra te r res t r ia l  materials are 

\ given i n  Table 4. 

Unfortunately it has been common practice in Rb-Sr dating t o  use only 

A complete l i t e ra ture  survey has not been attempted. 

a f e w  favorable minerals rather than the whole rock fo r  analysis so 

L. 

. .  
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that data of interest  t o  t h i s  investigation are  sparse, 

existent, for  some rock types. 

or non- 

It can be seen tha t  certain types of rocks show a very 

l h i t e d  range of Sre7/SrB6 values while others  exhibit a cansider- 

able range. This is due t o  the magnitude of the Rb/Sr ra t io ,  the 

range of the Rb/Sr ratio,  snd the  ran@;e of the age of the samples 

analyzed. 

As a l l  but one of the 21 granites in  Table 4 are over 1000 m . y .  

old it is apparent tha t  the variation sham is due primarily t o  

the Variation in high Rb/Sr ratios. 

of 0.85 is undoubtedly not a representative number for average 

Granites have a very large variation i n  SrS7/SrS6 rat ios .  

The average SrS7/SrS6 r a t i o  

granite but is a reflection of the great age of the samples analyzed. 

Basa l t s ,  however, do not show this extreme range i n  SrS7/SrS8 

ra t ios  due primarily t o  the i r  l o w  Rb/Sr ra t ios .  

by Faure were Recent basalts, but due t o  theix low Rb/Sr ra t ios  

l i t t l e  change i n  the srS7/srS6 ra t io  would appear in older samples. 

Nine obsidians analyzed by Pinson and Bottino (1961) show a 

limited SrS7/Srs6 ra t io ,  ranging from 0.704 t o  0.724, while the 

Rb/Sr ra t ios  are quite high--frm 1.2 t o  31. !The low SrS7/SrS6 

values are due t o  the young ages of the samples, and since obsidians 

generally 'devitrify quickly (geologically speaking) high SrS7/SrS6 

ra t ios  similar t o  tha t  observed i n  granites would not be expected. 

The basalts analyzed 

- 
A 
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- Limestones, both young and old, have low SrS7/SrB6 r a t i o s  due 

t o  the i r  extremely low Rb/Sr r a t io s .  

averages about 0.008 (Faure, 1961, p. 115). 

The Rb/Sr r a t i o  i n  limestones 

The shales analyzed by Whitney (1962), all from the W i l t o n  

Group of Middle Devonian age, show a considerable spread in  both 

Rb/Sr r a t i o  and Sra7/Srag ratio.  Faure' s (196s) analyses are on 

two composites of Paleozoic shales from the east  and west coasts of 
< 

' north America. Variations are suppressed between such composite 

samples 

Chondrites have f a i r ly  high, varying Sra7/SrS6 rat ios .  

analyses of stoney meteorites are being carried out at  M.I.T. 

Variations from about 0.73 t o  0.96 have been found in  chondrites. 

Currently, 

L 

Achondrites have extremely low Sra7/Sra6 ratios which show 
- 

d o s t  no variation (See Table 4). Under the assumptions tha t  1) 

all t e r r e s t r i a l  and meteoritic s t ront im was derived from a homo- 

geneous parent material and thus had the same abundance of i n i t i a l  

Sr87, and 2) the meteorites have existed as closed chemical systems 

\ 

, .  

since the i r  formation approximately 4.5 b.y. ago, the achondrites 

probably give us a good approximation of the i n i t i a l  Sra7/Sra6 rat io .  

As Patterson (1956) and his  co-workers have demonstrated tha t  these 

assumptions hold t rue i n  the case of lead, by analogy the assumptions 

should be t rue f o r  strontium. 

Rb/Sr ratios (-0.005) so t he i r  i n i t i a l  Sr87/Sr86 r a t i o  has remained 

essentially unchanged f o r  4.5 x lo9  years. 

for  .achondrites (0.700 - Gast, 1960) i s  accepted here as the primordial 

~ r ' ~ / ~ r ~ "  ra t io .  

The achondrites have extremely low 
\ 

\ 

The lowest value found 



e -  . 
-15 - 

3rom the above discussion it is obvious that  the data is too 

meager t o  define the SrS7/SrS6 ratios i n  the various rock types. 

The data does show, however, that a great deal of variation does 

exist. 

. 

The Sr87/Sr86 ra t ios  in tekt i tes  given i n  Table 3 and the 

SrS7/SrB6 ra t ios  taken frm the l i terature  for various materials 

as given in Table 4 are plotted i n  Figure 2. 

Sre7/Sre6 ra t ios  for  various materials frm only 0.700 t o  0.780, 

approximately the lower one-seventh of the range exhibited by the  

data in Table 4. The f'ull range of the data is sham in the inset; 

the shaded portion of the inset  is that  part o f t h e  scale which has 

The figure shows the 

been expanded in Figure 2. 

It can be seen that the variation of strontium isotopic composi- 

tion, although measurable, i s  quite small ccxnpared t o  the variation 

observed in nature. 

constancy of oxygen isotope ratios (Taylor and Epstein, 1962; 1963) 

and si l icon isotope rat ios  ( T i l l e s ,  1961) recently demonstrated in  

! 

! \ 

i 4 

This is i n  qualitative agreement w i t h  the 
', 

tekti tes.  

homogeneous when compared t o  the isotopic cornsositions of the acid 

The strontium isotopic compositions are paxticdlarly 

i.' 

:.* rocks most comonly mentioned as possible parents for  the tek t i tes :  

siliceous shales (Urey, lsg), granite (Mason, 1959) and granophyre 

(Lavering, 1960). 

It has been suggested tha t  t e k t i t e s  were formed by many inde- 
L :: 

I pendent fusions of t e r r e s t r i a l  material i n  a random rrianner by such ... I *  

\ 

processes as lightning (Hawkins, 1960) or small meteoritic impacts 

(Spencer, 1933). The probability of f i s ing  a certain type of 
- 
- 

- - ___ ._ - - _ _ _ _  - ._ _- 

~- 
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material should be i n  d i rec t  proportion t o  the extent of that  

material' s occurrence upon the earth' s surface. 

production should produce tek t i tes  exhibiting a wide variation in 

Sr  isotopic composition. 

apparent t h a t  there are only a few independent t e k t i t e  occurrences. 

K-Ar ages of t ek t i t e s  (Zahringer, 1963) , chemical and specific 

gravity determination (Schentzler, 1961; chapman e t  al., 1963) 

and aerodynamic evidence (Chapman, 1963) strongly indicate tha t  

there are a maximum of four known independent groups of tek t i tes .  

These are the North American tekti tes,  the moldavites, the 

Australasian tekt i tes ,  and possibly the Ivory Coast tekti tes.  

Therefore, the tektites l i s ted  in Table 3 w o u l d  represent only 

three large scale impacts. 

between groups could be quite small f o r  several reasons. 

Naturally, the smaller the number of impacts the greater the proba- 

b i l i t y  of s t r iking the same general type of material; it could be 

merely chance that the different  groups of tek t i tes  have similar and 

characterist ic compositions. 

quite uniform canpositions have been proposed for the parent material 

i n  an ef for t  t o  explain the lack of chemical variation in  tek t i tes ;  

s o i l  (Schwarcz, 1962) and loess (Taylor, 1962) have been specifically 

suggested. 

materials are  not knm. 

much of the ear th ' s  surface represent a possible source that has been 

Such modes of 

However, i n  recent years -it has became 

n e  variation of isotopic canposition 

1). 

2) Widespread surf i c i a l  deposits of 

The variations i n  isotopic canposition of these par t icular  

However, the young sediments which cover 

a t  least par t ia l ly  homogenized with respect t o  strontium isotopic 

coaposition. 3) "he impact may have fused and mixed a very large 
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volume of material, incorporating a number of rock types, thereby 

suppressing variations. 

the material$ composition would be t o  crustal  abundances. 

The larger  the volumes f'used, the closer 

Tektites 

a re  s t r ikingly similar in chemical composition t o  estimates of 

crustal  abundances (Suess, 19631, and it is interesting t h a t  the 

Sr87/Sr8e r a t io s  i n  t ek t i t e s  are  quite s i m i l a r  t o  recent estimates 

of the crustal  average (Faure, 1961). However, i f  a large volume of 

ra ther  hetrogeneaus material was fused, an almost incredible degree 

of mixing must have occurred before the l iqu id  parent material 

so l id i f ied  in to  the individual tekt i tes .  The t ek t i t e s  of any 

par t icular  group demonstrate over wide areas a surprising hmogenity 

w i t h  respect t o  strontium isotopic composition, and it is d i f f i c u l t  

t o  imagine such mixing during the short time the material w a s  molten. 

Variation of the strontium isotopic composition of t ek t i t e s  do not 

point specif ical ly  t o  a t e r r e s t r i a l  o r  ex t ra te r res t r ia l  origin, but 

emphasize again haw completely homogeneous these objects are.  

enough is  known of the strontium isotopic composition of various 

Not 

widespread sur f ica l  materials, or the degree of mixing which can 

occur during high temperature fusion by impact t o  indicate i f  such 

constancy is impossible t o  explain by a terrestr ia l .  impact origin. 

2. Rb-Sr age values of t ek t i t e s  

. It is interesting tha t  the data presented in Tables 2 and 3 

'< 
suggest a positive correlation of Sra7/Sra6 ra t ios  with Rb/Sr r a t io s  

in the t ek t i t e s .  This is i l lustrated i n  Figures 3 and 4. 

To quantitatively t e s t  the degree of association between the Rb/Sr 

- r a t io s  and the Sra7/Sra6 rat ios ,  the co-efficient of correlation 



. :  . 
(Moroney, 1956, pgs. 289-291) was calculated. 

a r e  considered independent (Figure 3) the coefficient of correlation 

(r) is N.91 (when r = +I. there i s  perfect d i rec t  relationship and 

I f  d l  18 samples - 

- 

when r = O  there is  no relationship --a random sca t te r ) .  

c ient  of correlation is  significant a t  l e s s  than the 0.fi level- 

This coeffi- 

- 

i.e., the probability of this high correlation coefficient ar is ing by 

chance in this large a population is l e s s  than one in a thousand. If 

the samples are assumed t o  represent three independent groups (for 

reasons discussed above) --the australasian tek t i tes ,  North American 

tek t i tes ,  and moldavites-and the average values for each group is 

used (Figare 4), the  correlation coefficient is +l.O. 

number of groups involved precludes a calculation of the s t a t i s t i c a l  

s-ignificance of *is c o r r a t i m  tut t k e  R ~ / S Z  - ~ r ~ ~ / ~ r ~ ~  con&- 

t i on  seems more than coincidental. or circumstantial. 

d i f f i c u l t  t o  reconcile t h i s  correlation with t e k t i t e  production within 

the last 35 m.y. from random materials of different  ages, composi- 

tions, and geologic histories.  It seems quite unlikely that the 

variables which determine the present Sr87 /Sr86  ra t ios  ( in i t ia l .  S r r  

isotopic canposition, Rb/Sr ratios, and ages) wou ld  be ju s t  i n  the 

right combinations t o  cause unrelated groups of t ek t i t e s  t o  l i e  on a 

The small 

Certainly it is 

particular l i ne .  

This correlation suggests the t ek t i t e s  from different  areas are 

related, and might have a common origin. Rocks formed a t  the same 

\ time from a common material. ( for  example, by fract ional  crystal izat ion 

from a magma) will  develop with time, from a comon Sre7/Srs6 rat io ,  

. . . .. .... .~ . . .... - . . - . 
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different Sr07/Srs6 ra t ios  in relation t o  the i r  different Rb/Sr 

ra t ios .  

Sre6 vs Rb/Sr l i e  on a straight line which is an isochron. 

slope of the isochron gives the time since differentiation from the 

comon source, while the intercept of the l i n e  on the Sre7/Sr0' aXi6 

(at zero R b / S r )  is the Sre7/Sre6 ra t io  of the source material at the 

time of differentiation. 

Such a ser ies  of rocks, when plotted on a graph of Sre7/ 

The 

If the direct  correlation of the Rb/Sr r a t io s  with the Sr07/Sre0 

r a t io s  in tektites is due t o  their derivatian from a common source, 

and if they have remained closed systems t o  Rb  and Sr since that time, 

age values can be calculated without having t o  assume a particular 

i n i t i d  srB7/sre6 value. 

points shuwn i n  Figure 3 corresponds t o  the 310 m.y. isochron 

(ARb = 1.47 x 10"l year-'). 

The "least square'' l i ne  through ~ S L  18 

- The "least squares" line i n  Figure 4 

- thrmgh the points representing the averages of the three groups is 

the 400 m.y. isochron. It is interesting that the i n i t i a l  Sre7/Sres  

r a t i o  of 0.105 is within the narrow range of values reported f o r  

volcanic rocks of recent origin--that is, this  i n i t i a l  r a t i o  is 
.\ 

typical of the source region of  igneous rocks (Hurley e t  a1.,1962) 

The assumption that the tekt i tes  and/or the i r  parent material 

have remained closed systems since the i r  derivation from a common 

source presents a serious objection t o  the validity of the age value. 

If tek t i tes  were formed by high temperature fusion a t  a time dated by 

the K-Ar method (35 m.y. t o  less  than 1 m.y. ago) then the assumption \ 

is tha t  the R b  and Sr contents, and isotopic contents of the stron- 

tium in the parent material were'lot disturbed by th i s  fusion. In a 
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sense we are looking through t h i s  "metsmorphic" event t o  the time - 
of formation of the parent material. 

l i e  on an isochron suggests that extensive selective fractionation 

m i g h t  not have occurred during the fusion process as its occurrence 

would add another variable t o  those already mentioned (initial Sre7/ 

Sree ratios,  w e n t  Rb/Sr ratios,  and age) which must be in a parti- 

cular combination to cause unrelated samples t o  l i e  upon an isochron. 

In fact;, in normal Rb-Sr dating, the isochronal. relationship of 

samples is usually regarded as evidence of closed systems. En view 

of the assumptions involved, and the small number of groups of tek- 

The fact  that  the points do 

t i t e s ,  the most that should be stated at this time is  tha t  the data 

suggests the different groups of tekti tes,  or  the i r  parent materials, 

have developed from'a common ty-pe of source material. "he i n i t i a l  

Sr87/Sr86 r a t i o  of the source was 0.705, and the time since t h i s  

development has been approximately 400 m.y. 

Independent of the val idi ty  of a particular isochron age for 

tekt i tes ,  it i s  clear that  tekt i tes  have undergone differentiation 

within the l a s t  lo9 years. T i l t o n  (1958) pointed out that the U and 

Th  i n  tek t i tes  have increased relative t o  Pb within the last tens of 

millions of years, while t h i s  investigation has demonstrated tha t  Rb 

has increased relat ive t o  s t rmt iun  within the l a s t  hundreds of 

million years. 

took place one m i g h t  expect Pb t o  be l o s t  preferentially t o  U and Th ,  

and/or Rb l o s t  preferentially t o  Sr. 

I f  a f t e r  t h i s  differentiation a high temperature f is ion 

'\ 
\ 

Analyses w o u l d  yield U-Pb ages 

tha t  are  too young and Rb-Sr ages tha t  are t oo  old; t h i s  might be an 

explanation for the quantitative disagreement in these ages. "he 
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Rb-Sr ages huwever would be maxirmun values. The maximum age 

since the tek t i tes  obtained the i r  present Rb/Sr r a t i o  is  obtained 

by assuming an i n i t i a l  r a t i o  equal t o  the primordial value found 

i n  achondrites (0.700). !The age calculated is approximately 700 

m.y. , making them dis t inc t ly  younger than stony meteorites. 

3. Conparison of the data w i t h  a possible lunar origin for 
tek t i tes  

Some investigators have suggested that tek t i tes  were ejected 

frorn the Moon's surface by meteorite impacts (Nininger, 1943; 

O'Keefe, 1960; and others). 

Urey, 1952, p. 30; Baldwin, 1949, p .  194) have concluded that  the 

present lunar surface was formed soon a f t e r  the origin of the Moon, 

Most students of the Moon (for  example, 

and the Moon has remained relatively cool since that time. 

the age of the Moon is generally assumed t o  be the same as the rest 

Also, 

of the solar system - approxh te ly  4.5 bi l l ion years. 

these conditions, it is  possible t o  calculate the present-day Sre7/ 

Sres r a t i o  for various hypothetical lunar crustal materials. 

Assuming 

Granitic material, w i t h  an average Rb/Sr r a t i o  of 1 (Faure, 1961, 

p. 106) ana an i n i t i a l  Sra7/SrS6 ra t io  of 0.700 would have, a f t e r  

4.3 bi l l ion  years, a Sre7/Sr86 ra t io  of about .89 ,  f a r  greater than 

tha t  found in tekt i tes .  

Sre7/Srae r a t i o  of about 0.750, (Qhich is approximately the r a t i o  

found i n  chondrites) again in  excess of that found i n  tek t i tes .  I f  it 

is assumed that the surface of the Moon has had a chemical composition 

similar t o  t ek t i tes  since its fornation the Sre7/Sre6 r a t i o  would be 

between 0.78 and 0.9, again far i n  excess of tha t  found i n  tek t i tes .  

Chondritic material w o u l d  have a present day 



8 .  .. 
.r 

-22- 

Conversely, the Rb/Sr r a t i o  t h a t  w o u l d  generate a Sr87/Sr86 

r a t i o  of 0.718 (average actually observed i n  tekt i tes)  i n  4.5 bey. 

from a primordial r a t i o  of 0.700 is approximately 0.1. The common 

terrestrial material whose Rb/Sr r a t io  most closely resembles th i s  

r a t i o  is basalt (see Table 4), and the marias have cOxDmonly been 

theorized as being covered with basaltic lava flows. 

basalt that had remained on the surface of the Moon fo r  4.5 b i l l ion  

years should have about the same Sre7/Sre6 r a t i o  as is observed in 

tekt i tes .  

change i n  Rb/Sr r a t i o  (from 0.1 t o  between 0.44 and 1.1) and other 

radical changes i n  composition such as increase i n  K and S i  with any 

mechanism that would throw the tekt i tes  from the Moon, especially 

high temperature fusion where the a l k a l i  elements w a u l d  be.expected 

t o  volat i l ize  preferentially t o  the alkaline earth elements. 

Thus & 
* 

It is diff icul t ,  however, t o  reconcile such a radical 

Perhaps a more reasonable hypothesis, i f  tek t i tes  come from the 

Moon, is that  there has been differentiation of the Moon since the 

start of the Paleozoic era and that tekt i tes  are the resul ts  of fusion 

of th i s  differentiated material or the ejecta from volcanos during 

t h i s  time. The recent spectroscopic evidence of gas escaping from 

Alphonsus crater and the existence of a temporary surface temperature 

of 1200-1300% i n  t h i s  crater have raised serious doubts concerning 

the widely held theory that the Moon is  cold, without any remnants 

of volcanic act ivi ty  (Kozyrev, 1961). By cmparing the number of 

craters on the marias w i t h  the number of meteorites of various sizes 

that  fa l l  on the Earth per year, Kreiter (1960) has concluded the 

marias are about 200 m . y .  old. But the same data has been used by 
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most lunar investigators t o  conclude the marias are approximately 

4.5 b i l l i o n  years old (OPik, 1960). 

’ 

In short, the  low Rb-Sr and U-Pb ages i n  t ek t i t e s  are d i f f i c u l t  

t o  explain if the t ek t i t e s  were derived from the Moon, i f  the conven- 

t i o n a l  m o d e l  of a cold undifferentiating body is  accepted. Recent 

different ia t ion of the Moon is almost required i f  tektites w e r e  pro- 

duced from its surface. 

In conclusion, the slight variation in strontium isotopic com- 

positions exhibited in t ek t i t e s  suggests that i f  they are terrestrial 

i n  origin they m u s t  be derived from a uniform widespread source 

material. 

(i.e*, the homogeneity of age values) is, however, difficult  t o  

The d i rec t  correlation of Rb/Sr ra t ios  w i t h  Sr87/Sre6 r a t io s  

reconcile with any t e r r e s t r i a l  origin i n  view of t h e i r  widespread 

geographic locations and varying K-Ar  ages. As the isochron 

relationship is based upon only 3 points, the analysis of the fourth 

possible independent group, the ivory C o a s t .  tekt i tes ,  is  quite 

c r i t i c a l  t o  t h i s  discussion; unfortunately none have been available. 

It would a l so  be interesting t o  look for  possible uniform source 

materials which have apparent ages of approximately 300 t o  500 m.y., 

using 0.7- as the i n i t i a l  ra t io .  The recent suggestions of s o i l  

(Schwarcz, 1962) and loess (Taylor, 1962) m i g h t  be poss ib i l i t i es .  

Equally germaine t o  t h i s  discussion would be the comparison of 

variations of strontium isotopes in  t ek t i t e s  w i t h  that observed i n  

known impactites, and the comparison of t ek t i t e s  w i t h  postulated source 

, 
\ 

regions, such as the moldavites w i t h  the Ries crater, and the Ivory 

C o a s t  t ek t i t e s  with the Bosumtwi crater  (Cohen, 1961). 

work is already i n  progress. 

Some of t h i s  
- 

__ ..~ .~ . - .- . - - - - . -  - . ~.. . - . ... . . . . .. . . . ... - 
1 
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TABLF, 1. Replicate (Sre7/Sre7)n Ratio halyses 

Hone stead Met e or it e SrC03 Standard 

A v ~  

G 

E 4  

, 

0 7503 
0 7507 
0 7515 

0.7508 

0.7070 

0.7071 
0.7084 
0 7085 

0.7076 

o 7016 

Avg. = 0.7077 

c = f0.00063 

Eg = ko.og# 
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Table 2 Rb and Sr Content of Tektites 

Sample No. Locality ~b(ppm) S r ( p p )  ~ b / ~ r  

- 
PHILIPPINE IsLAM>S 

T3379 Santa Mesa S i t e  115 174 0.66 
Rizal, Prcnr. 

Santa Mesa S i t e  111 176 0.63 
110, 176* T3962 

R i z a l ,  Prm. 

Santa Mesa S i t e  126* 173* 0.72 
Rizal, Prav. 

T3964 

T3765 

T3979 

T3984 

Pugad-Babuy Si te  119 191 0.62 
Bulakan, Prov. 118* 188* 

Pugad-Babuy Si te  u8* 174* * 0.68 
Bulalran, ? ~ o v =  

Pugad-%buy Si te  112 164 0.68 
Bulahan, PrW* 115* 168* 

Busuanga Island 116 157 0.74 
115* 157* 

L 

- INDO-CHINA 

T3987 Kouang-Tcheou Wan 

Kouang-Tcheou Wan llO* 1 3 p  0.83 T3989 

T3990 

T3991 

T3993 

North Cambodia 

North Cambodia 

116 127* . 0.91 
116* 

113 130* 0.87 
11P 

*X-ray fluorescence analysis. All others by isotope dilution. 

. -~ _ _ _  . . .. . .. . . -. . . . .. _ _  . ~ ~ . , . . . . . _ _  . .._. . . .  - 
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T4219 D a l a t ,  S. Viet-Nam 111 125 0.89 
1 l W  125* - 

T4220 D a l a t ,  S. Viet-Nam 124" 138* 0.9 

T4218 D a l a t ,  S. Vie t -Nam 125" 138* 0.91 
~~ 

T4104 Java ss. 153 0.64 

AUSTRALIA 
T3313 Charlotte Waters, 109 154 0.71. 

Central Australia 

T4214 Nullarbor Plain 93 197 0.47 

T42l.5 N u l l a r b o r  Plain 135" =5* 0.66 

T4216 Nullarbor Plain 144* u8* 0.66 
~ 

NORTH AMERICA 

T4106 Grimes Co., Texas 70 152 0.46 

T4300 Grimes Co., Texas 64 134 0.48 

- T5129 Lee Co., Texas 63* 134* 0.47 

T4271 Empire, Georgia 74 170 ,o .44 

T4091 Martha' s Vineyard, Mass. 18 177 0.44 

czEcHosLovAKIA 
T409 Nechov, Bohemia 146 136 1.07 

I 1  molbvite" 130t 136t ' . 0.96 T3314 

T4575 Ratiborova Lhota, 136 143 0.95 
Bohemia 

"AMERIb4CANITE" 

3967 'Philippine Is. 181 98 1.85 
\ 
\ 

*X-ray fluorescence analysis. 
?&om Pinson -- e t  a. (1958). 

A l l  others by isotope dilution. 

. 
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Table 4. Sane Sr87/Sr86 ratios an& Rb/Sr ratios reported for 
terrestrial  and extrsterrestrial materials 

Range Rb/Sr No* Of Range Sra7/Sre6 Sr&/Sr8d3 Samples 
Avn 

Yaterial and Reference 

GRAiiITE 

b G a s t  ( 1960) a 
Faifcairn &.(I$&) 

OBSIDIANS 
Pinsondad Bottino 
(1961) 

cHOND8IT"S 
Herzog and Pinson 

G a s t  (1960, 1961) 
(1956) 

a 
ACHONDRITES - Herzog and Pinson 

G a s t  (1960, 1961) 
(1956) 

SEA W A m  
Pinson e t  al. 

(195ibsf- 

a; 
t. 
C, 
a. 
e. 
ti: 

, %  

10 
ll 

5 
25 

9 

5 

2 
20 

2 
5 

1 
3 

1 

0.720 - LOO 
0.732 - 1.25 

0.704 - 0.724 
0.704 - 0.712 

- 
0.700 - 0.703 

One age 200 m.y. - others lo00 - 2700 m.y. 
Age6 from 1200 - 2200 m.y. 
Recent oceanic and continental basalts. 
Ages range from 0 t o  60 m.y. 
E a s t  and w e s t  coast caposite  samples. 
Mid-Atlantic . 

0.830 0.35 - 3.9 
0.868 0.25 - 6.0 

- 0.708 
0.708 0.02 - 0.18 

0.714 1.2 - 31. 

- 0 709 

0 703 
0.70k 0.002 -0.005 

0.712 - 

, 

Avg . 
Rb/Sr 

1.64 
1.78 

- 
0.05 

4.2 

- 

- 
1.57 

0 345 
0.54 

- 
0.003 

0.016 



r"i,pre Captions 

F i g n e  1- 

- mss peak. 

Figure 2. 

P o r t i o n  of a m2ss spectrometer isctcr,e rztio aaiLysis recorC- 
5s 

P-e 
=A $7 -s -peLs ---2 -wL;zi,L ;; =-Jn='s -3 -I.r-&zias ti) 

Srs7/Sres i n  tekt i tes ,  meteorites, t e r r e s t r i a l  rocks and sea water. 
Inset shuws the full range of measurements reported in the l i t e r a tu re  
for granites and chondrites. 

SrB7/SrBs plotted against Rb/Sr for a l l  eighteen individual tekt i tes .  
Least sQuares line thruugh these points is the 310 m.y. isochron. 

SrS7/Sre6 plotted against Rb/Sr for averages of tek t i tes  from three 
groups. Least squares l i n e  through these points is the 400 m.y. 
isochron. The ver t ical  and horizontal l ines  represent the range of 
the Sre7/Sr8* and Rb/Sr r a t io s  respectively, while the hash l i nes  
represent the value of the particular parameter for each sample. 
Numbers in  parentheses are the number of samples from each area. 

Figure 3. 

Figure 4. 
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0.722 

0.720 

0.7 18 

0.7 I6 
c 

0.714 

0.71 2 

. 0.7 

0 708 

0.706 

I 

I I I I I 

Rb/Sr  
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T 
0.722 

0.7 20 

H 4 4  
t e s  (3 

0.7 8 

6 

4 

Pacific Ocean - /' Asia Tektites ( I I )  
S.E. 

0.7 

0.7 

(4 3 ktites 
2 

0 

0.7 

0.7 . 

0.708 

0.70E 

0.704 
I 1 I I 1 1 

0.2 0.4 0.6 0.8 I .o 1.2 
Rb/Sr 



C. C. Schnetzler* and Yo. H, Pinson, Jr. 

cozupletely anaQmtd for rppjor elements. 

1 bediaclite, 2 javanit&tr, 

Included were 7 Ipoldavltes, 

philippMtes, 12 indochlnitea, and 5 awG 

ralites. 

and indochinitea, but the two group ryrpear different in SiOp, U2O3, 

Many chedcal s t p i l a r i t i e s  are nofed between the phillpphftes 

Ti02 F d ,  in particular, CaD content8. No decrease in alkali elenrent 

content is observed fraa Indo-china t o  the Philippine Iolands (Le., west 

to east) as is observed acrose Awtralia. 

not account for the differences i n  the two groups .  

and Sr contents of the philippinites are due t o  Contarninetion of the parent 

material by limestone. The CaO contents of the indochinltes analyzed are 

distinctly lower, and the MgO contents higher, than the analyses reported 

In Barnes (1940). Real variations, up t o  appmxhately 10% for 8- 

constituents, eldst within the  philippinites and indochinitas, and even 

w5thin tekti tes from restricted sites. Tektites from two sites i n  the 

Philippine Islands are identical, wlthin experimsntal error, in mean 

Selectlm v o l & t U a t i o n  can- 

. Perhapa the higher Ceo 

composition. The Unitp of chemical character of the australites and 

the southeast uian tektites strongly suggest that  they represent one 

large strewn field, New moldavite analyses do not indicate eystePetic 

chemical variation acrose the Caechoslovakian strewn field.  

. 

- *Present addreas:. Theoretical Division, National Aeronautic8 and Space 
-J 

I hdministratiaa, Ooddard 3pco Plight Center, Omanbelt, yer7land. 
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The purpose of th is  paper is to report some aajor element a n e 8 e s  

of tektites #at have been obtained in the rapid s i l icate  malysis lab- 

oratory at the Yassachwetta Institute of Te&nolog;y, UUn we decided 
, . 

I : 
, in 1959 t o  start a study of.tektites it was apparent that more c h d c a l  

data was necessary, Frolp the published analyses it could be seem that 

the tok%itcs from a giVen locality am quite s t n i l o r  IA chedcal caa- 

position, and tbat there is  some s-arity betmen the different group. 

of t ek t i tes ,  Howevetr, it was diff icul t ,  if not impossible, t o  define 

the Wta of variability mon~; the several groupa of tektites frua the 

published analyaee, a8 each analyst worked on only a few specimens, 

and wdoubtedly diifereat prethods of chemical paelpsis were used by tho 

Therefore, it seemed desirable t o  analyze a representative n d m r  

of tekti tes from several different localities by unlfonn methods of anal- 

ysis, making w e  of reliable rock standards t o  monitor the accuracy of . 

the work, 

of variation in the chemical composition of  tekti tes both within a 

group and between groups. As Teylor (1960, p. 8 9  states, *Uniformity 

Prom such a study it should be possible t o  define the limits 

of copnposition for groups of tektites, if established, would have fm 

reaching lmplications,~ Certalnly, If, in addition t o  their peculisr 

c~pos i t i on ,  widely separated localities had essentially the same cam- 

position, it rrould be difficult t o  p o s t a t e  any tematrial Origin. 

Unfortunately, due t o  the scarcity of t e k t i t e s  in this co\nr'xy mor c1 

I t o  the las t  semral yeam, we could obtain only a limited nplrJ3er of +- 

tektites f o r  doStrUOuV@ M d 3 f i l l e  & dwb ll*P O f  8ePpleO (Iould , 

- _  .. - - 
~~ 
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be obtained from only the tek t i te  rich areas of Indo-Chha and tbe 

Philippine Islands, and even here a larger collection fzwn which t o  pick 

samples for  ~ e l y s i a  would have been desirable, The work of TPylor  . 

(1962) on the augtralitos and Chao (1963) on the badheifer  have mc61lw 

supplied wtensim data in these fields. 

ANiLYTIcAL TECHNIQUES 

Zao: of A&e m a l p e s  reported in this paper were -de by “rapid 

s i l icaten procedures, A large number of anoinalous A12O3 resul ts  were 

obtained using this method so it seemed desirable t o  determine this 

constituent by 80- other means. ft was found tha t  aluplin\pp, aa well 

’ as silica under certain conditions, could be dstennined by ]trey flu- 

orescence techniques w i t h  no loas in accuracy and conaidemable tnprotrp.. 

ment in precision (in the case of aluninum) over the rapid s i l i ca t e  

method. 

Rapid Si l icate  Procedures 

The rapid s i l i ca te  procedures used in th i s  Investigation were 

exactly as described by Shapiro and Br-ock (1956) except f o r  CaO, 

The automatic photometric t i t ra t ion  procedure, emplo- a spectro- 

photometer and recorder, as described by Shapiro and B ~ a ~ O c k ,  waa used 

in the determination of CaO and Blgo, However, they have since modified 

the chemical procedures, e lh lna t ing  the separation of iron and alum- 

hum necessary under the system described in t he i r  paper, and they have 

supplied the Y.I.T. ra$d s i l ica te  laboratory w l t h  the necessary details. 

Xn the anodlfied procedure iron and alumbun are complexed nith a miXtum 

, 

c 

r 

of sodium cyanide and trpethanololpine, and do not interfere w i t h  the 

I calcium and magnesium t i t ra t ions  by Verse-. Calcium ia t i t r a t ed  a t  

a pS between 12 and 12.7, wing murexide as M b a o a t o r .  ( C e )  



. 
t 

as Ego is t i t r a t e d  w i t h  Versene a t  a pH of approxknately 9.5 using 

Eriochropae Black T as an indicator, The resu l t  obtained for CAO (changed 

t o  the comespondbg amount of 2&0) is eubtracted fro= the result for 

(CaWXgO) as UgO t o  obtain the ehrrount of I+&$. 

NgO determination is dependent upon the accuracy of the Ceo detelsPiaatioa. 

. Thus the accurmy of the 

The standard U s e d  for both the CaO and (CaOtUgO) 98 ?dgO analyse8 i r  the 

National Bureau of Standard'dolomite no. 88. ' 

FeO 1188 determined in most samples by the spectrophotareetria method 

of &a@o (1960) rather than the chelnical dichromate t i t r a t ion  p 

cedure described by wire and Brannock (I.!?%), Results obtained by 

the tuo methods on the sme sd~nplee were i n  good agreement (Sc&etzbr# 

W l ,  Table It.) 

r 

H20 uae not deterrpined in the t ek t i tes  as Friedman (1958) showed 

t h e i r  water content to  be extremely low (approximately 3 t o  100 pp),  I 

' 
- . . far below the detectable lid, of the  Penfield method. 

Sample solutions were nade in duplicate from two separate portions 

of the powdered tekti te.  Xn tho  SiO2, A12O3. t o t a l  iron, CaO, (CaOtZQO), 

N%0, and K20 determinations duplicate portions of each solution were 

analyzed, making a t o t a l  of four aliquots of each sample. Four spectro- 

phoztometer readings were =de on each aliquot in the SiO2, A 1  0 

t o t a l  i ron,  determinations, while an average of four f l a m  phbt&w 

and ' 
2 3' 

readings were made f o r  each N%O and K20 determinations. Thus the 

Sfo2, 81 0 

instmuant readings in total. 

made from each aliquot, making a t o t a l  of four f o r  each aample. 

t u t a l  iron, Na 0,  and X20 detenninations w e r e  made from l.6 
2 3' 2 

One t i t r a t ion  of CaO and (CaO+UgO) was 
b 

The ldnD 



allow fewer replicate determhations. Four spectr0photometxl.c readings 

were made of each aliquot in the Bdno determinations, and two spectro- 

photometer readings were made of each aliquot in the T i 0 2  determinations. 

P 0 w a s  determined from two aliquot8 of each weighing but this elsment 

FDved t o  be so l o w  in t e k t i t e s  that the method was unreliable, and in 

the majority of samples it was n o t  determined. FeO was determined 

2 5  

by t i t r a t ion  o r  photometrically on tm, separate weighing of 

the sample. &l the photometric detelrninations tm insbsaent reading@ 

were made i n  each determination. 

The above scheme was followed in moat analyses. Occasionally, 

however, the lack of suffiaient sample necessitated the detemination - 
from only one weighing, or if duplicate weighing8 were made they were 

- 

diluted to smaller volumss, 80 that fewer aliquots could be taken for 

suine of the detenainations. 

poor, the sample solutions were rerun, so some results are an average 

Also, *en the  precision appeared t o  be 
t 

of a greater number of aliquot determinations than diecussed 

scheme above. 

the 

Duplicate pairs f m  one weighing were usually analysed in one 

day and the dupllcate pair8 from the other e i n g  on a n & t w  day. 

The samples t o  analysed in any one day uere chosen a t  randcrmF thezdfore 

the tek t i tes  from any particular area were analyzed a t  various times 

daaring the period of the investiga;tion and not as P group. 

X-ray fluorescence techniques 

Chodos and Engel (1961) determined the t o t a l  iron, CaO, MgO,  X20, 

T i 0 2 ,  and ZdnO contents of emphibolite rocks by fluoresce& X-ray spect- 

graphy, and the resul ts  are in acceptable agreement w i t h  rret chemical 

analyses of the aaue SmpleSO However, they found t ha t  the silica and 



. 
6 

_ .  

6 .  

8' 

. .  

. -  

c 

aluminum results did not compare favorably with the wet chemical results, 

being accurate t o  only about 5% of the amount present. They attributed 

this error t o  matrix effects, aa their samples varied considerably in 

major element campxsit3art 

AS. the variation of the major elements in tektites i a  small, 

it was f e l t  the matrix effects  sbould be negligible in these smples. 

Since the aluminum determination i s  the leas t  satisfactozy of &e rapid 

s i l i ca t e  procedures it was decided t o  attempt t o  analy.Le fo r  t h i s  element 

by the %ray fluorescence method, and as the determination of silica bp . 
t h i s  procedure wouldol idaate  one of the sample solutions in the rapid 

s i l i ca t e  procedure, this elenent was also attempted by the X-ray fluome- 

cent method. 

investigation, W e  it had fai led fo r  Chodos and Enger (1961) , for 
three reasonst: 1) the matrix problem should be essentially non-efistent, 

a t  l ea s t  among the Australasian tekti tes,  

f a i r l y  homogeneous glass, w>uld not exhibit the inhomogeneity of particle 

s ize  and mineralogical composition tha t  would be found in a pondered rock 

sample, and 3) the machine available allowed the rapid compariso~ of 

standard and sample, which was not the case in the machine used by Chodos 

and Engel, thus reducing i n s t m e n t a l  dr i f t .  

. 

It was believed this method might be suacessful in this 

2) the tekt i tes ,  being a 

~n attempt was first made t o  analyse powdered samples. The prep- 

aration and packing of the samples were essentially as  deecribed by 

Chodos and Engel (1961). Agreement between the X-ray fluorescence and 

rapid s i l i ca te  resu l t s  were satisfactory f o r  aluminum; the maxburn 

difference between the two methods was about 2% of the amount present, 

while the average difference was sl ight ly  less thpn l$ (Schnetaler, 

. .  
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The S a 2  %ray fluorescence results, however, were not satisfactory 

in the pmdered samples, 

t e k t i t e s  relativelymore precise values are desired #an f o r  the other 

constituents, 

There are several possible causes for the poor Si02 results on the powdered 

samples. Probably the greatest  error is in the packing of the sample 

in the holder, Chodos and Engel (1961) s t a t e  t h a t  duplicate packing8 

A8 a i l i ca  is the predominant constituent in 

A 1 or 2% error ia'permissible A1203, but not 5n m2. 

should agree within about l$. Duplicate packings in t h i s  investigation 

disagreed by as much a8 2%. Difference8 in grain size, result ing in 

differences h surface area exposed to the beam, plight have been a 

factor. The sample holder wells might not have been uniform ais- 

unfortunately this loas not checked. 
' 

In vieu of t h i s  difficulty an attempt was made t o  analyse a cut 

surface of the sovd  tektite which was f ree  of bubbles and which had 

been polished to e l idr~ate  any effect  of surface irregularity. Using 

this procedure, t r i p l i ca t e  results for SiOz were in agreemeat with tbe 

rapid s i l i ca t e  result8 to  t: 0.47% of the amaunt present, o r  better. 

(Schnetzler, 1961, Table 19. Therefore i t 'was concluded #at the X-ray 

fluorescence Si02 and +03 determinations on the sol id  8ample8, and the 

- 

. 

Al 0 determinations on the pandered saolples were acceptable, and con+ 

parable t o  the rapid s i l i c a t e  determinations, 

nations m t he  powdered smples were not comparable t o  deteminationr 

by the ra?id silicate procedure, and were not reported, 

2 3  
However, the Si02 detexmi- 

L 

The Lray fluorescent unit uredwas a North Arnerican Phillips 

ins%rument w i t h  a tungsten t a r g a t  tube, The operating conditions w e r e g  

E3DT cxystalE pulse height analyser base = 1.9, window = 6, flaw 

proportional counter = 169. Naxaber of caunte for powder; SirG(,peak 

1 
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'Counts f o r  s a i d t .  SUA peak 102Jb00J background 800% Al a 25,600, 

background 800, 
The standards used were selected tektites which had been analyzed 

f o r  s i l i c a  and aluaninun by rapid silicate proCedUreSe 

Precision and Accuracg 

Mercy (19%) presents 'an extensive discussion on the precision and 

accuracy of the rapid s i l i ca t e  method of analysis. A good estimate of 

the precision of tus work can be obtained as each sample was analyzed 

in replicate and the rock standard G-1 and W-1 were repeatedly analyzed 

during the course of the investigation, The results have approximately 

the folloning precision (expressed as  the relative deviation of a single 

analySiS): Si02 Oes$; Total Fe, photometrically detelnined F&J w, 
and Na& f 28; +03J T i O p  CaO, and "0 * 3kg W ' i  4%. The LreY 

- fluorescence results have a precision of approxSmateIyr Si02 0.8%; 

A1203 f 2%. These values agree i n  general w i t h  estinaahs of precision 

given by Mercy (1956, p. 168) 

The results of replicate analyses of G-1 and M-1 are given in 

Table 1, Most of these resul ts  are the average of determinations made 

on several d i f f e G t  weighings. The numbers of analyses are given in 

parentheses, The accepted values l i s t e d  are from Steven (1960, pe 32)e 

The only values tha t  l i e  outside the "acceptable =angem , as defined 

by Stevens, m e  SiOp in HI-1 and CaO in Gl, The Si02 values i n  W-1 

were determined during preliminary stages of the analytical period,' 

using National Bureau of Standard f e l d s p r  #99 as standard, Perhaps 

the poor accuracy m e  due t o  the extreme difference in mawces. Duxdng 

the t e k t i t e  analyses + l w a s  used as standard, as its Slop uontent 
L 

> i - 
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is well knm and its com?osition is similar t o  t ek t i t e s ,  while NBS ffp9 -8 

used t o  monitor the results. 

fo r  Si0 h the N%S feldspar. 

low in four different roeighings of the sample; 

These analyses gave acceptable values 

The CaO values f o r  G1 were consistently 

no explanation could be 
2 

found. Iiowever, the CaO values fo r  '8-1 are satisfactory, The high 

resu l t s  f o r  Na20 in both E l  and VFL (although they are both within 

the  "acceptable range") are in excellent agreement w i t h  other f l e t p s  

photometric deterrpinations as l i s t ed  by Stevens (1960, p. 36). 

As most of t h e  analytical procedures used are Independent of each. 

other a t o t a l  of the  constituents close t o  100% is much more indicative 

of accuracy than in conventional methods of analysis where a constituent 

may be i ncoq le t e ly  precipitated a t  one point and l a t e r  precipitated 

with another constituent, and still  give a good summati&, It can be 8 8 8 ~  

in Table 3 t h a t  the a n a m e s  t o t a l  close t o  100%. 

RS'JLTS 

The results of tho chedca l  analyses are given i n  Table 2. Inuluded 

are par t fa l  o r  complete analyses of II;! t ek t i tes  and 2 "anerikanites". f h e  

t o t a l  iron contents, denoted in the table as Fe', the s p c i f l c  graoity, 

and specimen weight are a lso given. 

. .  The results obtained by &ray fluorescence are designated by 
~ 

astericks; all resul ts  not so designated were determined by rapid s i l i ca t e  

techniques. 

indepenttent measurements, usually three f o r  S102 and two f o r  rU203. 

The X-ray fluorescence resul ts  are the average of several 

If both rapid s i l i ca t e  and X-ray fluorescence determinationa w9re madie OA 

a sample, the rapid s i l i ca t e  resul ts  are given in Table 2, 

The Slop values given in parentheses were obtained by subtraction 
- I 

. '  

. ,  
I .  

1 

, 

, 
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fron loo$. 

There appears t o  be general agrement between the analyses in Table 

2. and t h e  analyses reported by Banes (19bO). 

the old and new data can be attJbuted in most cases t o  the small  number 

of samples and the variatLon within a group. Bowever, t he  XgO and CaO 

The differences between 
r 

averages f o r  the 12 indochinites reported in t h i s  paper are distinctly 

different from the averages 'of the 2L indochinites l i s t e d  by Barnes; 

%he CaO averages of this work are lower and the IKgO cormspondingly 

highor than the data from Barnes. 

appmach the average f r o m  the l i t e ra ture  (CaO I 2.06 is the highest 

value found as compared w i t l a  the l i t e ra ture  average of 2 .9 )  and only 

h of the 24 CaO values from the l i t e r a tu re  are in the range found'by the 

new analyses. Only two of the XgO contents reported here are as low or 

lower than the average 2.00 calculated fron the l i terature .  

again be s ta ted #at the sauqles were analyzedin a completely randon 

fashion, w i t h  a mixture of indochinites, philippinites, australitee, etc. 

i n  each group of samples analyzed i n  any particular day. 

the CsO (and LfgQ) values r e p r t e d  here are not i n  errcr are3 1) the CaO 

values f o r  thephilippinites, austral i tes  and moldavites, appear t o  be 

i n  fair agreement w i t h  the literature-at least they are not all lower 

None of the CaO resu l t s  reported here 

! 

It should 

Evidence t h a t  

than the l i t e r a tu re  analyses, and 2) the values obtained f o r  strontium 

(Schnetzler and Pinson, 1963), which has a geochemical coherence t o  

calcium, are d i s t i n c t l y l o u e r  i n  the indochinites than the values obtained 

f o r  the philippinites. 

calcium and magnesium are sgparatedby the precipitation of calcium 

In the conventional method of rock analysis, 

oxalate and the determination of magnesium is from the  f i l t r a t e .  &a 
a 23 of the 2& indochinites from Barnes were analyzed by one 83SYSt, it 

is suggested #at consistent incomglete separations m a y  haw caused 
I 

. .  , 



high CaO and correspondingly low 

analyses reported here do not require the separation of calcium and 

magnesiun, and the monitor- w i t h  Gl and 3-1 suggest tha t  the CaO and 

U g g  deterrninations were essentially correct. 

the CaO and ZgO resul ts  reported in the l i t e ra ture  f o r  the indochinites 

are in error  and the  averages reported here should be considered closer 

results. The method3 used i n  the 

Thus, it is suggested tha t  

to the t rue  average f o r  the group. 

Table 3 gives the average values of the indocht.lites and philipphit48, 

with calculations of the spread of results expressed as standard (C) 

and relat ive (C) deviation of a single analysis. Conparison of the 

relat ive deviations with estimates of analytical precision given above 

h d i c a t e  tha t  the spread of results i n  alnost all cases are greater than 

can be expected from analytical error. Total iron and Ti02 in the 

philippinites are the possible exceptions. 

order of magnitude i n  the variation of most major constituents of 

australi tes.  

Taylor (1962) found the same 

The first six philippinites (T3959 through T3965;) l i s t e d  in Table 

2 are Cram one s i t e  bn the island of Luzon-the Santa Uesa site in Rizal 

Province. 

site-the Pugad-Babuy site in Sulakan Province. 

near Manila. 

occur within s m a l l  areas, and between two  areas which, due t o  t h e i r  

proximity, might be assumed to have a common origin and/or parent material. 

The average composition f o r  each s i te ,  and the s t a t i s t i c a l  computations, 

have been calculated from the data in Table 2 and are shown i n  Table 4. 

i3y comparison of the re lat ive deviation (C) values of t h i s  table  w i t h  

values estimated f o r  the analytical procedures it appears tha t  many 

of the constituents have a greater variation than can be accounted f o r  

The next seven samples (T3379 through T398L) come frorn another 

Both of these s i t e s  are 

Therefore the opportunity exists t o  t e s t  if variations 

- 

, .  

! 



by analytical  error, 

pessimistic estimates 

Even Ff these deviations are comparedwia the  most 

of analytical precision &O, ($0, and Na20 

in the  Santa tlesa samples, and CaO, Na20, and Uno in  the mad-Babuy 

san?les e A i b i t  significantly greater variation thgn jus t  analytical 

error. 

not only w i t h i n  a given local i ty  such as Indo-China, but also within 

res t r ic ted  t ek t i t e  sites. 

Thus the data suggest thwe are real UfeFenm$ iX, composition, 

The average conpositions of the two sites, as Listed $n Table L, 
are  quite sinilar. 

the Null r n o t h e s i s  (Xoroney, 1956). 

there is only a 5% probability that the difference between the average of 

two groups is equal t o  two s t a n d a r d  deviations of the difference i f  the 

actual, difference between the two groups is zero. 

regards this occurrence as 'lprobably significant" while a difference of 

three o r  more standard deviations can be regarded as "definitely s i g p i f h  

cant", the probability being less than one half of one percent t ha t  80 

great a difference should occur by chance in random sampling of one 

population. 

sites in the Philippine Islands it is  found tha t  only Uno reaches the 

llprobably s ignif icwtu l e v e l t h e  difference equaling two standard de- 

viations of the difference. 

actual difference between the groups is zero is  approximately one in 

twenty, and as there were ten pairs of constituents testad, it is f e l t  

the occurrence of only t h i s  much difference i n  one pa i r  is not significant, 

Thus the two s i t e s  cannot be considered independent on the basis of t h e i r  

chemical composition, although Beyer (1955) s ta tes  t ha t  the saaples from 

the two sites have q d t e  distinct differences i n  physical appearance. 

It is possible t o  t e s t  the degree of similari ty by 

According t o  the Null Hypothesis 

Uoroney (1956, p. 220) 

Applying t h i s  hypothesis t o  the data i n  Table 4 f o r  the two 

AS the probability of t h i s  occurring i f  the 
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If the sane t e s t  i s  a??lied t o  the indochinite and philippinite 

data of Table 3, it is found that  five of the constituents exhibit 

differences tha t  are definitely significant. The differences i n  the 

means of the two groups f o r  Si02, LJ.203, and Ti02 equals approximately 

three standard deviations of the difference, while the difference In 

strontium values equals 9 standard deviations, and the difference in CaO 

values equals 15 standard deviations of the difference. The data f o r  

the other constituents do not suggest any significant differences in 

coinposition, 

Cohen (1963b) has stated tha t  there apwars t o  be a relation between 

composition and size f o r  samples within a given site. 

i c a l l y  t o  the 6 sanples from t h e  Santa Mesa s i t e ,  the 7 from the Pugad- 

He refers specif- 

Babuy site, and the 3 from Kouang-Tcheou-wan, The supposed correlation 

of decreasing s i l i c a  with increasing sample weight is theorized t o  be 

re lated t o  differences in b a l l i s t i c  trajectory (and thus temperature) of 

samples of various masses having t h e  same n i g h t  distance. 
show 

from Table 2 t ha t  the three louang-Tcheou-wan tektiteshsome correlation 

between Si02 and mass, and tha t  the Santa Uesa samples suggest a correlation. 

However, considering the analytical precision of the analyses, we f e e l  

the  Pugad-Babuy samgles do not exhibit any discernible correlation, and 

more samples must be analyzed before any such correlations could be con- 

sidered s t a t i s t i c a l l y  significant. 

It can be seen 

. 

The data on the southeast Asian  t ek t i t e s  presented in t h i s  paper 

do not suggest t o  us a regional change in composition of the type noted 

by Taylor (1960) in the australites. He found a decrease in alkali 

elemant content in l.4 austral i tes  froa west t o  east, paral le l  t o  the 

decrease in specific gravity reported by Baker and Forster (1943). Over 

J 
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a distance of approximately 1300 miles a l l  the a lka l i  eZements exhibited 

a miforin change of approximately 20%. It is apparent from the data i n  

Tables 2 and 3 tha t  sodium, potassium and rubidium do not show any sig- 

nificant decrease from Indo-China t o  the Philippine Islands (Le.,  w e s t  

t o  east) ,  des?ite the  fac t  tha t  these two loca l i t i es  are approximately 

800 miles apart, There also aaears  t o  be no uniform change in composition 

iA-.a north-south direction since the Kouang-Tcheou-wan smples are quite 

similar in composition t o  the Dalat samples which l i e  approximately 650 m i l e s  

to tho south, 

Thus t h e  data presented here do not indicate any selective volat i l izat ion 

of elements during passage of the material from west  t o  east  (or in any 

other direction), as suggested by the compositional changes in sustrali tes.  

The two elenents which exhibit the greatest difference-betwpen the two 

groups, calcium and strontium, would not be expected t o  be selectively 

volati l ized without much ‘greater volatilization of @any of the other 

elements, e.g*, the alkalies. AS Lovering (1960) points out, it is rea- 

sonable t o  assuae tha t  the relative vo la t i l i t i e s  would correspond t o  the 

boiling points of the nom& oxides, and the order might be approximately 

&o, cao < ~ 2 0 3 < s i 0 2 ,  FeO (1Ja20, X20, Fusion studies by Lovering (1960) 

and Triedman -- e t  al. (1960) suggest that  t h i s  order is essentially correct. 

The phi lQpini tes  and indochinites n igh t  be completely independent 

groups, from completely different source materials; in t h i s  case their 

s i a i l a r i t i e s  would be just  as difficult t o  explain, Considering these 

s imilar i t ies  (i.8.) t o t a l  Fe, MgO, K20, Na20, MnO) it might be more 

reasonable t o  consider t h e  higher calciurn and strontium contents of the 

p:?ilippinites due t o  contamination, by soae unknown means, by a high 

calcium-strontium source-limestone. 
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Conbining the ds t s  presented 13 #is Baper x i th  previously reported 

analyses of  southaast Asian tekti tes,  Cohen (1963b) reaches the conclusion 

tha t  these tektites represent two strewr, f ie lds  hsving a common center Of 

oridin. One strewn f i e l d  incorprates  the tek t i tes  of kda-China.-and Java 

while the other includes the tekt i tes  of Thailand, the South &iAla Islands 

(Kouang-Tcheou-wan) a d  ' he  lpnilippine Islands, 

independent, impact t o  produce the australites, 

between the two southeast Asian s t r em fields is not apparent frarn the 

major eleaent = a w e s .  Indeed, we believe the major eleneat walyses 

raported t o  date show that  tek t i tes  fraQ t h e  Australasian wea have a 

unity of composition which is most readily explained by a cgnaor) source 

o r  origin, ral?er than tiro as  proposed by &hen, 

4 

He postulates a second, 

However, tbe delineation 

The moldavites i n  Table 2 are l i s t ed  in order of geographic location - 
f r o s  west t o  east, W e n  (1963a) states tha t  the analyses of moldavites 

i n  

he 

by 

of 

the l i t e ra ture  indicate a decrease in  s i l i ca  from west to east ,  and 

i n t e q r e t s  t h i s  as supporting evidence fo r  the productioh of t ek t i t e s  

asteroid or  comet in?act a t  t h e  Ries Kessel, which lies $0 the west 

the moldavite strewn f ie ld .  The new data reported i n  this paper do 
' 

not clarify any geographic trend in noldavite major element composition, 

m y  trend among the moldavite macroanalyses now available, which have 

accurate location data - seven frai Barnes (1940), four others l i s t e d  

by Cohen (1963a), and the seven new analyses given in t h i s  paper - is 
&e t o  one t ek t i t e  in the western pa r t  of the f i e l d  (Radomilice, Bohemia) 

which has 8L.5% Si02 and one tekt i te  toward the eastern edge (Senorady, 

Xoravia) which has only 71r.98 SiOq, 

contents, in 

t o  82.3%- 

The other 16 moldavites have S i O z  
5 c&n+ 

andom geogra@ic order, from approadmately 77,1% 

Five1.d the available moldavite analyses are of samples from 
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riadonilice, and these samales have rather unusual conpositions when 

comgared t o  the other 13 noldavite analyses. 

f ive  have d is t inc t ly  lower X20 contents than the t ek t i t e s  frorn the 

other  l o c a l i t i e s  . 

For examgle, four of the 

Taylor -- e t  al. (1961) pointed out the inverse relationship between 

Si02 and the other na jo r  constituents i n  austral i tes ,  and $he posit ive 

correlations the other constituents show q o p g  themselves. 

ships can be seen in most of the elements i x a  Table 2. The correlation 

coefficients o f t h e  various pa i r s  are not a s  f i ta t i s t ica l ly  significant 

as those reported by Tsylor, largely because the variations exhibited 

by indochinitas and phili2pinite.s are not a s  great as those in the 

aus t r a l i t e s  and the  analytical  error masks the  s m a l l  variations. 

These relation- 

- 

The similarity of the two "a~orikanitesll, 3967 and 3996, t o  obsidian 

and dissimilarity t o  t e k t i t e s  is a9parent. 

regorted by U a r t i n  and Xoomans (1955) a?d those reported here , it is 

believed these objects are  nerely streaa worn obsidian pebbles and they 

should not bo considered as  possible tekt i tes .  

In  view of the analyses 

I 

SVrn3Y 

Uthouzh the following resul ts  of t h i s  investigation doiaot point 

toward a specific mode of origin for  tektites, they add t o  the l imit ing 

fac tors  t ha t  must be accounted f o r  in any proposed theory of origin. 

1. The philippinites,  analyzed f o r  the first time in any substantial  

number during t h i s  investization, have m a n y  chemical s i a i l a r i t i e s  t o  the  

indochinites. 

2. 

SigdfiCmtlY in sio2J fi203, Ti02, CaO, and Sr contents, and there is 

However, the philippinites and indochinites analyzed here differ 
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a very high probability t h a t  they represent difr'erent populations. In 

particular,  the calcium a?d strontiun contents a re  d is t inc t ly  lower in 

the  indochinites than in the philippinites, suggesting tha t  t he  two may 

have coae f ron  the sane source, but the philippinite melt was contaminated, 

by some unknown means, by liaestone. 

3. The CaO contents of the  indochinites analyzed in this investigation 

a re  d is t inc t ly  lower, and the XgO contents higher, than the analyses in 

t he  l i t e ra ture .  

&. 

exist within the philippinites and indochinites, and even within the 

r e s t r i c t ed  Santa Edesa and Pugad-Babuy s i t e s  of the Philippine Islands, 

in agrement with the variations found by Taylor (1962) f o r  the australl teg.  

5. 
average chemical composition and a r e  probably par t s  of the  sane population, 

6. 

Real variations, up t o  approadaately 10% f o r  soae constituents, 

The two s i t e s  i n  the Philippine Islands do not d i f fe r  s i g n i f i c a t l y  i n  

No part icular  geographic trends are observed in the chemical compositions 

t5f the various groups. 

sup?osed Si02 decrease fron west t o  east  as suggested by Cohen (1963a). 

The new moldavite analyses do not confirm the 

7. 

Asian t e k t i t e s  and the aus t ra l i tes  (Taylor, 1962) i s  striking. 

The similarity i n  major element composition between the southeast 

This 

uni ty  of, chemical character i s  strong evidence in itself ,  exclusive of 

aerodjtnaaic o r  age data (Chapnan, 1963; Zahringer, 1963), that the 

australasian t e k t i t e s  had a common origin and represent one large strewn 

f ie ld .  

\ 

i 
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TABLE 1 .  ANALYSES of G-1 and W-1 

G- 1 

This work 

72.57 (2) 

14.12 ( 9 )  

1.98 (14) 

0.91 (1) 

0.38 (10) 

1.23 (14) 

3.45 (16) 

5.44 (6) 

0.22 ( 5 )  

0.03 (6) 

0.07 ( 8 )  

99.39 

Accepted V a l u e  

72.35 

14.32 

2.04 

0.98 

0. Lo 

1 -4Q 

3.31 

5.42 

0.26 

0.03 

0.10 

99.52 

w-1 
~ ~~~ _ _ _ ~  ~ 

This Work 

53.09 (14) 

15.02 (5) 

11.09 (8) 

8.55 (2) 

6.68 (4) 

10.81 (7) 

2.25 (20) 

0.77 ( 9 )  

1.08 (11) 

0.17 (8) 

0.13 ( 8 )  

100.14 

+-- 
Accepted Value ~. 

I 

t 

I ’  52.110 

15.11 

11.22 

8.63 

6.58 
1- 
I: 10.97 I! 

2.07 

0.67 if 
!I 
i, 
‘ I  1.07 l i  

/I 99.44 

. 
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TABLE ,3 

Average Composition of the Philippinites and Indochinites 

Philippinites (15) 
I 

Average d C 
S i 0 2  70.8 *o .88 *1.2$ 

13.85 0.72 5.25 

Fe 0 1.30 0.17 1.05 

CaO 3.09 0.30 9.84 

K20 2.u 0.11 I. 6% 
bin0 0.094 0.010 10. &4? 
Total Fe ( F e 2 0 3 )  5 - 4 3  0.13 2 4  

0 -79 0.03 3-7% 
A1203 
T i 0 2  
Fez03 0.70 0.11, 19.M 

lvigo 2.60 0.13 5.14 

NazO 1.38 0.lI 10.4% 

117 
173 

5 00 
10.6 

I. 38 
6. r P  

Indochinites (12) 

Average 0- C 

k2.05 12.85 S i 0 2  73.0 
A1203 12.23 0.67 5.2% 
T i 0 2  0.73 0.05 6.W 
Fez03 
Fe O 
!.!.'.go 
CaO 
hTa2 0 
K2O 
Fin 0 
Total F e  ( F e 2 0 3 )  

0.6L 0.14 
1.37 0.49 
2. 0.42 
: .91 0.1L 
1.45 G. 15 
2 . a  0.1L 
0 054 0.009 
5-49 0.49 

22.2% 
11.1& 
17.1% 
7.14 
10.1% 
5.7g 
9 .O$ 
8.5 

*Rb ppm 
s-Sr ppm 2,< 

118 
132 

7 
1,. 9 

50% 
3 97% 


